Endometriosis is a chronic gynecological disease of reproductive age women characterized by the presence of functional endometrial tissues outside the uterine cavity. Interactions between the endometriotic cells and the peritoneal extracellular matrix proteins (ECM) are crucial mechanisms that allow adhesion of the endometriotic cells into peritoneal mesothelia. Prostaglandin E2 (PGE 2 ) plays an important role in the pathogenesis of endometriosis. In previous studies, we have reported that selective inhibition of PGE 2 receptors PTGER2 and PTGER4 decreases survival and invasion of human endometriotic epithelial and stromal cells through multiple mechanisms. Results of the present study indicates that selective inhibition of PTGER2-and PTGER4-mediated PGE 2 signaling 1) decreases the expression and/or activity of specific integrin receptor subunits Itgb1 (beta1) and Itgb3 (beta3) but not Itgb5 (beta5), Itga1 (alpha1), Itga2 (alpha2), Itga5 (alpha5), and Itgav (alphav); 2) decreases integrin-signaling components focal adhesion kinase or protein kinase 2 (PTK2) and talin proteins; 3) inhibits interactions between Itgb1/Itgb3 subunits, PTK2, and talin and PTGER2/PTGER4 proteins through beta-arrestin-1 and Src kinase protein complex in human endometriotic epithelial cells 12Z and stromal cells 22B; and 4) decreases adhesion of 12Z and 22B cells to ECM collagen I, collagen IV, fibronectin, and vitronectin in a substrate-specific manner. These novel findings provide an important molecular framework for further evaluation of selective inhibition of PTGER2 and PTGER4 as potential nonsteroidal therapy to expand the spectrum of currently available treatment options for endometriosis in child-bearing age women. adhesion, endometriosis, human, integrins, PGE 2
INTRODUCTION
Endometriosis is a chronic inflammatory disease of reproductive-age women characterized by the presence of functional endometrial tissues outside the uterine cavity [1, 2] . The prevalence of the disease is ;10% in childbearing-age women, increasing to 20%-30% in women with subfertility and to 40%-60% in women with dysmenorrhea [1, 2] . The two major symptoms are infertility and pain. In endometriosis patients, concentrations of prostaglandin E2 (PGE 2 ) in the peritoneal fluid are higher compared to that of endometriosis-free women [3] , This increased PGE 2 is thought to promote inflammation, invasion, survival, and pain of endometriosis [4] .
Arachidonic acid (AA) is the primary precursor for synthesis of prostaglandins. Cytosolic phospholipase A2 liberates AA from phospholipids. Prostaglandin-endoperoxide synthases 1 (PTGS-1) and 2 (PTGS-2) (also known as cyclooxygenases COX-1 and COX-2, respectively) convert AA into PGH 2 [5] . PGF synthases PGFS-AKR1B1 (earlier known as AKR1B5) and PGFS-AKR1C3 convert PGH 2 into PGF 2a . PGE synthases PGES-1 (microsomal PGES-1), PGES-2 (microsomal PGES-2), and PGES-3 (cytosolic PGES) covert PGH 2 into PGE 2 . Prostaglandin dehydrogenase catabolizes PGF 2a and PGE 2 into inactive metabolites 13,14-dihydro-15-keto-prostaglandin F2a and 13,14-dihydro-15-keto prostaglandin E2, respectively [6] . PGF 2a and PGE 2 are transported competitively across the cell membrane through prostaglandin transporter-mediated mechanisms [7] . PGF 2a and PGE 2 exert their biological effects via seven transmembrane G-protein coupled receptors (GPCRs) [8] . PGF 2a acts through the PGF receptor (FP), and activation of FP in turn activates protein kinase C (PKC) and Ca 2þ cell-signaling pathways [8, 9] . Multifaceted effects of PGE 2 are meditated through PGE 2 receptor 1 (PTGER1), PTGER2, PTGER3, and PTGER4 (also known as EP1, EP2, EP3, and EP4, respectively) by integrating multiple cell-signaling pathways [10] [11] [12] [13] [14] . PTGER1 activates PKC and Ca 2þ pathways. PTGER2 and PTGER4 activate PKA pathway. Activation of PTGER3A, by way of PTGER3D, produces a wide range of complex and opposite actions [8] . Recent studies indicate that PGE 2 transactivates extracellular signal-regulated kinases (ERK1/2), AKT (also known as PKB), nuclear factor-kappa B, and b-catenin pathways through PTGER2 and PTGER4 in cancer [10] [11] [12] [13] [14] and endometriosis [15] . PGE 2 promotes adhesion, migration, invasion, proliferation, and survival of several types of cells under physiological and pathological conditions [16, 17] .
Data from our laboratory [18] and others [19, 20] have shown that PTGS-2 is more abundantly expressed in ectopic endometria compared to eutopic endometria from women with or without endometriosis during the proliferative phase of the menstrual cycle. Selective PTGS-2 inhibitor rofecoxib at 25 mg/day for 6 mo effectively suppresses the pelvic pain symptoms in endometriosis patients [21] . The gonadotropinreleasing hormone agonist leuprolide acetate at 3.75 mg for 1 mo decreases the expression of PTGS-2 along with P450 aromatase in eutopic endometria of endometriosis patients [22] . PGE 2 stimulates de novo estrogen biosynthesis from endometriotic lesions and in turn estradiol increases PTGS-2 expression and PGE 2 production [1] . In vitro studies indicate that the selective PTGS-2 inhibitor celecoxib prevents growth and survival of primary cultured eutopic endometrial epithelial cells from endometriosis patients [23] . In animal models for endometriosis, celecoxib decreases establishment of endometriosis and number and size of endometriotic implants in the rat [24] , and the selective PTGS-2 inhibitor NS-398 induces regression of endometriotic implants through caspase-3-dependent apoptosis in hamster [25] . Recently, we have found that selective inhibition of PTGER2 and PTGER4 inhibits migration, invasion, growth, and survival of human endometriotic cells [15, 26, 27] . These results together suggest the importance of PTGS-2, PGE 2 , and PTGER2 and PTGER4 pathways in the pathogenesis of endometriosis.
Interaction between endometriotic cells and peritoneal extracellular matrix (ECM) proteins occur through crucial mechanisms that allow adhesion, migration, and invasion of the endometriotic cells into peritoneal mesothelia and submesothelia [28] [29] [30] [31] [32] [33] [34] . Adhesion of endometriotic epithelial and stromal cells to peritoneum is mediated through integrin-ECM protein interactions. Integrins are single transmembrane cell surfaceadhesion receptors that are made of heterodimers of noncovalently associated a-and b-subunits. There are 18 integrin asubunits and eight b-subunits, which can combine into 24 different heterodimers that recognize distinct but overlapping sets of extracellular ligands [35] [36] [37] [38] . Human peritoneum is composed of collagen I, fibronectin, vitronectin, laminin, and collagen IV ECM proteins. Collagen I, fibronectin, and vitronectin are the major components of connective tissues, and laminin and collagen IV are the major components of basement membrane [33, [39] [40] [41] [42] [43] . Collagen, vitronectin, fibronectin, and laminins bind with Itga2b1 (a2b1), Itgavb3 (avb3), Itga5b1 (a5b1), and Itga3b1 (a3b1) integrin receptors, respectively, and also with many other integrin receptors [35] [36] [37] [38] . PGE 2 regulates the expression and activity of av-, a5-, b1-, and b3-integrin subunits and thereby promotes adhesion of metastatic cancer cells and endothelial cells [44] [45] [46] [47] . However, the PGE 2 -mediated molecular and cellular mechanisms that control the expression and activity of integrins and their interactions with ECM proteins of the peritoneum and that are involved in the pathogenesis of endometriosis have not been elucidated. The objective of the present study were to determine functional interaction between PGE 2 signaling and adhesion of human endometriotic epithelial and stromal cells to ECM and to unravel the underlying molecular and cellular mechanisms. The results of the present study indicate that loss of function of EP2-and EP4-mediated PGE 2 signaling inhibits adhesion of human endometriotic epithelial and stromal cells through integrin-mediated mechanisms.
MATERIALS AND METHODS

Materials
The reagents used in this study were purchased from the following suppliers: Prestained protein markers and Bio-Rad assay reagents and standards (Bio-Rad Laboratories, Hercules, CA); Protran BA83 nitrocellulose membrane 
Human Endometriotic Cells and Culture
Immortalized human endometriotic epithelial cells 12Z and stromal cells 22B used in this study were derived from active red peritoneal endometriosis lesions during the proliferative phase of the menstrual cycle from women [48] . The 12Z and 22B cells share several phenotypic and molecular characteristics of primary cultured endometriotic cells [48] . Accumulating information from our and other laboratories indicates that 12Z and 22B cells mimic the active/progressive phase of endometriosis [15, 26, 27, [48] [49] [50] . Importantly, a xenograft of a mixed population of 12Z and 22B cells into the peritoneal cavity of nude mice is able to proliferate, attach, invade, reorganize, and establish peritoneal endometriosis-like lesions that are histomorphologically similar to those found in spontaneous peritoneal endometriotic tissue in women [51] . These well-characterized 12Z and 22B cells were cultured in Dulbecco modified Eagle medium F-12 (DMEM/F12) without special steroid treatment containing 10% fetal bovine serum (FBS) and penicillin (100 units/ml), streptomycin (100 lg/ml), and amphotericin-B (2.5 lg/ ml) in a humidified 5% CO 2 and 95% air at 378C as described previously [15, 18, 26, 52] . At 70%-80% confluency, the cells were cultured in DMEM/F12 with 2% dextran-charcoal-treated FBS and treated with EP inhibitors (EP-I) for EP2 (AH6809, 75 lM) and EP4 (AH23848, 50 lM) for 24h. These inhibitors competitively bind with the respective EP2 or EP4 receptors and inhibit their activations [9, 53, 54] but not their expressions [15] . The doses for these inhibitors were selected based on the dose response experiments that we published previously [26, 27, 51] .
EP2/EP4 siRNA
Knockdown of EP2 and EP4 genes were performed as described previously [15] . The 12Z and 22B cells (3.0 3 10 5 /well) were cultured in antibiotic-free DMEM/F12 with 10% FBS in six-well tissue culture plates. At 70%-80% confluency, cells were used for EP2 and EP4 knockdown experiments using SMART-pool siRNA duplex delivered by DharmaFect-1 as described previously [15, 18, 27] and per the manufacturer's instructions (Dharmacon Inc., Lafayette, CO). As an internal control, MOCK siRNA was performed using the transfection procedure in the absence of siRNA. Briefly, siRNA duplexes (100 nM/well) and DharmaFect-1 (3 ll/well) were diluted in 50 ll antibiotic-and serum-free DMEM/F12 medium separately and mixed gently and incubated for 5 min at room temperature. Afterward, EP2 and EP4 siRNA and DharmaFect-1 were mixed (total volume, 100 ll) and incubated at room temperature for 20 min. Then, 100 ll of siRNA:DharmaFect-1 complex was diluted with 2 ml antibiotic-free media with 10% FBS and added to the well. After 24 h, the medium was replaced with fresh DMEM/F12 with 10% FBS and incubated for an additional 24 h. Fluorescence-labeled siGLO RISC-free siRNA was transfected separately, and the transfection efficiency was estimated using a fluorescence microscope. A transfection efficiency of more than 80% was considered optimal for further experiments. The efficiency of siRNA on silencing of EP2 and EP4 proteins was assessed by Western blot analysis at 72 h posttransfection. The knockdown efficiency was 70%-80% in both 12Z and 22B cells as we reported previously [15] .
ECM Adhesion Assay
In vitro ECM-cell adhesion assays were performed using Cytoselect collagen I, laminin, InnoCyte collagen IV, fibronectin, and vitronectin precoated LEE ET AL.
adhesion assay kits following the manufacturer's protocols. Briefly, 12Z and 22B cells were cultured and treated with inhibitors for EP2 (AH6809, 75 lM) and EP4 (AH23848, 50 lM) as described above. After 20 h, the cells were harvested and resuspended in serum-free DMEM/F12 media and plated on collagen I, collagen IV, fibronectin, vitronectin, or laminin precoated plates at concentration of 100 000 cells/well and incubated at 378C and 5% CO 2 for 0, 30, 60, 90, and 120 min. Bovine serum albumin (BSA) was used as internal control. For siRNA experiments, the cells were harvested after 72 h, and adhesion assay was performed as described above. The number of cells adhered to the specific ECM protein were measured using a fluorescence plate reader at an excitation wavelength of ;480-485 nm and emission wavelength of ;520 nm.
Protein Extraction and Western Blot Analysis
Total protein was isolated from endometriotic cells and immunoblot/ Western blot analysis was performed as described previously [15, 18] . Briefly, FIG. 1. Selective inhibition of EP2 and EP4 decreased adhesion of human endometriotic epithelial and stromal cells. Effects of pharmacological inhibition of EP2 and EP4 on the temporal adhesion of endometriotic epithelial cells 12Z (A-F) and endometriotic stromal cell 22B (G-L) on various ECM proteins. Bovine serum albumin (BSA) was used as an internal control. The adhesion assays were performed as described in Materials and Methods. *Control (CONT) versus inhibition of EP2 and EP4 (EP2-I/EP4-I), P , 0.05. The 12Z and 22B cells were treated with EP inhibitors (EP-I) of EP2 (AH6809, 75 lM) and EP4 (AH23848, 50 lM) for 24 h. Numerical data are expressed as mean 6 SEM of three experiments.
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the cells were harvested using 1% trypsin-EDTA and pelleted. The cell lysates were sonicated in sonication buffer consisting of 20 mM Tris-HCl, 0.5 mM EDTA, 100 lM diethyldithiocarbamate (DEDTC), 1% Tween, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail tablets, that is, complete EDTA-free (1 tablet/50 ml) and PhosStop (1 tablet /10 ml). Sonication was performed using a Microson ultrasonic cell disruptor (Microsonix Incorporated, Farmingdale, NY). Protein concentration was determined using the Bradford method [55] and a Bio-Rad Protein Assay kit. Protein samples (75 lg) were resolved using 7.5%, 10%, or 12.5% SDS-PAGE. Chemiluminescent substrate was applied according to the manufacturer's instructions (Pierce Biotechnology). The blots were exposed to Blue X-Ray film, and densitometry of the autoradiograms was performed using an Alpha Imager (Alpha Innotech Corporation, San Leandro, CA).
Immunoprecipitation
The 12Z and 22B cells were cultured, treated, harvested, and then total cell lysates were prepared as described above. Immunoprecipitation (IP) was carried out using protocols provided by Santa Cruz Biotechnology and Cell Signaling Technology. In brief, total cell lysate (1 mg, ;120-125 ll) was precleared by incubating with ExactaCruZ F preclearing matrix (50 ll/ml) (Santa Cruz Biotechnology) for 30 min at 48C [15] . The precleared cell lysate (;120-125 ll) was incubated with rabbit monoclonal anti-human t-Src antibody (1 lg/ml) (Cell Signaling Technology) overnight at 48C and then further incubated with immunoprecipitation ExactraCruZ F IP matrix (50 ll/ml) (Santa Cruz Biotechnology) overnight at 48C. Protein-antibody IP complexes were precipitated and washed three times using 500 ll of IP buffer: 20mM TrisHCl, 0.5mM EDTA, 100 lM DEDTC, 1% Tween, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail tablets, that is, complete EDTAfree (1 tablet/50 ml) and PhosStop (1 tablet /10 ml). Finally, the proteinantibody IP complexes were resuspended in 40 ll of 23 SDS sample buffer, boiled at 1008C for 5 min, and then resolved in 10% SDS PAGE gel [15] . Rabbit IgG was immunoprecipitated and used as an internal control.
Statistical Analyses
Statistical analyses were performed using general linear models of Statistical Analysis System (Cary, NC). The effects of inhibition of EP receptors on cell adhesion and expression levels of different proteins and degree of protein-protein interactions in 12Z and 22B cells were analyzed by one-way analysis of variance (ANOVA) followed by Tukey-Kramer HSD test. The numerical data are expressed as mean 6 SEM. Statistical significance was considered at P , 0.05.
RESULTS
Selective Inhibition of EP2 and EP4 Decreased Adhesion of Human Endometriotic Cells
The substrate-specific and temporal adhesion of human endometriotic epithelial cells 12Z and stromal cells 22B was determined. The adhesion ability of 12Z cells decreased (P , 0.05) in the following order: collagen I . laminin . collagen IV . vitronectin . fibronectin. The adhesion ability of 22B cells decreased (P , 0.05) in the following order: collagen I . fibronectin . vitronectin . collagen IV . laminin. Inhibition of EP2 and EP4 decreased the adhesion of 12Z cells on collagen I at 30 min, laminin at 60 min, and collagen IV, vitronectin, and fibronectin at 90-120 min (Fig. 1) . On the other hand, inhibition of EP2 and EP4 decreased (P , 0.05) the adhesion of 22B cells on vitronectin and fibronectin at 30 min and collagen I at 60 min, but did not inhibit adhesion of 22B cells on collagen IV and laminin (Fig. 1) . Bovine serum albumin (BSA) was used as an internal control. EP2 and EP4 knockdown were performed using SMART-pool siRNA duplex delivered by DharmaFect-1. After 72 h of siRNA treatment, the adhesion assays were performed as described in Materials and Methods. *Control (CONT) versus inhibition of EP2 and EP4 (EP2/EP4 siRNA), P , 0.05. Numerical data are expressed as mean 6 SEM of three experiments.
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To complement the pharmacological effects of EP2 and EP4 inhibition, we used a siRNA approach to knock down EP2 and EP4 genes to confirm their role in adhesion of 12Z and 22B cells. Silencing of EP2 and EP4 genes decreased (P , 0.05) adhesion of 12Z cells with collagen I, collagen IV, fibronectin, and vitronectin (Fig. 2) and adhesion of 22B cells with collagen I, fibronectin, and vitronectin at 90 min (Fig. 2) . The effects of pharmacological inhibition of EP2 or EP4 were similar to those of knockdown of EP2 and EP4 genes on adhesion of 12Z and 22B cells to ECM. Therefore, pharmacological inhibition of EP2 and EP4 was selected for the follow-up experiments.
Selective Inhibition of EP2 and EP4 Decreased Expression of Integrin Receptor b-Subunit Proteins in Human Endometriotic Cells
We determined the effects of inhibition of EP2 and EP4 on the expression of substrate-specific integrin receptor a-and bsubunits. The results indicated that selective inhibition of EP2 and EP4 decreased (2-to 3-fold, P , 0.05) the expression of the b1-and b3-subunits whereas it did not decrease the expression of b5-, a2-, a3-, a5-, and av-subunits in 12Z and 22B cells (Fig. 3) .
Selective Inhibition of EP2 and EP4 Decreased Expression of Focal Adhesion Kinase and Talin Proteins in Human Endometriotic Cells
Focal adhesion kinase (FAK) and talin are the important proteins involve in integrin inside-out and outside-in signaling. Therefore, we determined whether selective inhibition of EP2 and EP4 affects the expression/activation of talin and FAK proteins. The results indicated that selective inhibition of EP2 and EP4 decreased the expression of talin protein and phosphorylation of FAK protein at tyrosine-397 in 12Z and 22B cells (Fig. 4) .
Interaction Between EP2 and EP4 and b-Subunits, FAK, and Talin Proteins in Human Endometriotic Cells
We determined whether EP2 and EP4 protein directly interacted with b-subunits and FAK and talin proteins. Immunoprecipitation/Western blot analysis (Fig. 5) indicated that selective inhibition of EP2 and EP4 decreased (2-to 3-fold, P , 0.05) the direct interaction between EP2/EP4 and b1/ b3-subunit proteins and FAK and talin proteins in 12Z and 22B cells.
Interaction Between EP2 and EP4 and b-Subunits of Integrin Receptors Is Meditated Through Src/b-Arrestin 1 Protein Complex in Human Endometriotic Cells
In a previous study, we reported that EP2 and EP4 interacts with tyrosine kinase receptors intracellularly through a Src/barrestin 1 protein complex and selective inhibition of EP2 and EP4 protein decreased the expression of Src and b-arrestin 1 proteins [15] . It has been shown that Src kinase phosphorylates b-subunits of integrin intracellularly directly, which is necessary for inside-out integrin activation [35] [36] [37] [38] [56] [57] [58] . Therefore, we determined whether EP2 and EP4 could interact with the b-subunit through Src/b-arrestin 1 protein complex. Immunoprecipitation/Western blot analysis (Fig. 6) indicated that selective inhibition of EP2 and EP4 decreased (2-to 3-fold, P , 0.05) the interaction between EP2/EP4 and b1/b3- 
Interaction Between EP2 and EP4 and Talin and FAK Proteins Is Mediated Through Src/b-Arrestin 1 Protein Complex in Human Endometriotic Cells
Src/b-subunit/talin complex recruits FAK protein, which activates intracellular signal transduction pathways associated with integrin outside-in signaling [35, 37, 38] . In addition, activation/phosphorylation of FAK protein downstream phosphorylates ERK and AKT proteins [59] [60] [61] . Therefore, we determined whether inhibition of EP2 and EP4 impaired the interactions between EP2/EP4 and FAK or talin protein through Src/b-arrestin 1 complex. Immunoprecipitation/Western blot analysis (Fig. 7) indicated that selective inhibition of EP2 and EP4 decreased (2-to 3-fold, P , 0.05) the interaction between talin and b1-or b3-subunits through Src/b-arrestin 1 complex and in turn decreased (2-to 3-fold, P , 0.05) the 
LEE ET AL.
interaction between talin, p-FAK, p-ERK1/2, and p-AKT proteins in 12Z and 22B cells.
DISCUSSION
Human peritoneal mesothelium is a contiguous layer of cells resting on an ECM base that is composed of collagen I, fibronectin, vitronectin, laminin, and collagen IV [33, [39] [40] [41] [42] [43] . The results of the present study indicate that endometriotic epithelial cells 12Z and stromal cells 22B distinctly attach to ECM proteins in an epithelial-stromal cell-and ECM substratespecific temporal pattern. Importantly, 12Z and 22B cells exhibited an equal degree of adhesion toward collagen I. Stromal cells 22B showed higher adhesion toward stromal components of ECM such as vitronectin and fibronectin. In contrast, epithelial cells 12Z displayed a higher degree of adhesion toward epithelial components of ECM such as collagen IV and laminin.
The EP2 inhibitor (AH6809, 75 lM) and EP4 inhibitor (AH23848, 50 lM) competitively bind with the respective EP receptors and inhibit their activations [9, 53, 54] . We reported that AH6809 and/or AH23848 inhibited the growth of 12Z and 22B cells whereas the more selective EP1 antagonist SC19220 did not inhibit the growth of 12Z and 22B cells. Thus, we concluded that PGE 2 promoted growth, survival, and invasion of 12Z and 22B cells through EP2 and EP4 but not through EP1 or EP3 [15] . A siRNA approach was used to verify that the observed pharmacological effects of AH6809 and AH23848 are primarily due to inhibition of EP2 and EP4. Our data indicated that effects of pharmacological inhibition of EP2 or EP4 were similar to those of the knockdown of EP2 and EP4 genes on adhesion of 12Z and 22B cells to ECM and thus confirmed an exclusive inhibitory role of EP2 and EP4.
Integrin receptor subunits a2, a3, av, a5, b1, and b3 are expressed in glandular epithelium and stroma of eutopic and ectopic endometria [31, 32, 34, [62] [63] [64] [65] [66] [67] . In order to understand the molecular mechanisms through which inhibition of EP2 and EP4 decreased the adhesion of 12Z and 22B cells to ECM, the expression of ECM substrate-specific integrin receptors was determined. The results of the present study indicated that selective inhibition of EP2 and EP4 decreased the expression of b1-and b3-subunits but not the expression of the b5-, a2-, a3-, a5-, and av-subunits in both 12Z and 22B cells.
Although a-and b-subunits are needed for functional integrin receptors, the cytoplasmic domain of the b-subunit of integrin interacts directly with talin protein and indirectly to A) Immunoprecipitation (IP)/Western blot analysis. Total Src protein was immunoprecipitated and its interactions with b1-and b3-subunits, b-arrestin 1, and EP2 and EP4 proteins were analyzed by Western blots. t-Src or p-Src protein was measured as the input control. B) Densitometry of IP/Western blot analysis. The interaction was expressed as the ratio between b1, b3, b-arrestin 1, EP2, or EP4 and t-Src or p-Src proteins. C) As an internal control, IgG protein was immunoprecipitated, and its interactions with b1, b1, and t-Src proteins were analyzed by Western blots. D) In the densitometry analysis, the interaction was expressed as a ratio between b1, b3, or t-Src and IgG proteins. The 12Z and 22B cells were treated with EP inhibitors (EP-I) of EP2 (AH6809, 75 lM) and EP4 (AH23848, 50 lM) for 24 h. The experiments were performed as described in Materials and Methods. *Control versus EP2-I/ EP4-I, P , 0.05. Numerical data are expressed as mean 6 SEM of three experiments.
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other linkage adapter proteins such as a-actinin, vinculin, and paxillin through talin during the process of cell adhesion [35] [36] [37] [38] 57] . This protein complex recruits FAK, which acts as a phosphorylation-regulated signaling protein that is important for adhesion turnover, cell migration, and integrin receptor cross-talk with the MAPK [68] and AKT [69] pathways. This process is known as integrin-activated outside-in signaling. Disruption of any of the components outside-in signaling compromises linkage between integrin receptors and the actin cytoskeleton and thus perturbs the adhesion and migration of cells [35] [36] [37] [38] 57] . Therefore, we determined the interaction between EP2/EP4 and outside-in signaling components. The results of the present study indicated that selective inhibition of EP2 and EP4 decreased the expression of talin protein and dephosphorylated FAK protein and decreased the interactions between Src, talin, FAK, pERK1/2, and p-AKT proteins in 12Z and 22B cells.
In addition to outside-in signaling, integrins can regulate their affinity for the ECM by inside-out signaling. Inside-out integrin activation can be controlled by the conformation of talin, phosphorylation of b-subunits, and interaction of talin with b-subunits [35-38, 57, 70] . Mutation of tyrosine to phenylalanine in the NxxY motif of b1 abolished its phosphorylation through Src and perturbed its binding ability to the ECM. In addition, phosphorylation of FAK is impaired in cells that lack Src kinase [71, 72] . These studies together suggest that phosphorylation of NxxY of b-integrin tail intracellularly by Src kinase is one of the major regulatory mechanisms. Therefore, we determined the interaction between EP2/EP4 and integrin inside-out signaling components. The results of the present study indicated that selective inhibition of EP2 and EP4 decreased the interaction between EP2/EP4 and b-subunits of integrins through the Src/b-arrestin 1 complex in 12Z and 22B cells.
FIG. 7. EP2
and EP4 interact with p-FAK, P-ERK1/2, and P-AKT through Src/ b-arrestin 1 complex in human endometriotic epithelial and stromal cells. A) Immunoprecipitation (IP)/Western blot analysis. Total Src protein was immunoprecipitated, and its interactions with b-arrestin 1, talin, FAK, ERK1/2 and AKT, and EP2 and EP4 proteins were analyzed by Western blots. B) Densitometry of IP/Western blot analysis. The interaction was expressed in ratio between talin, p-FAK, pERk1/2, p-AKT, b-arrestin, EP2, or EP4 and t-Src or p-Src proteins. C) As an internal control, IgG protein was immunoprecipitated, and its interaction with talin, p-FAK, and t-Src were analyzed by Western blots. D) In the densitometry analysis, the interaction was expressed as a ratio between talin, p-FAK, or t-Src and IgG proteins. The 12Z and 22B cells were treated with EP inhibitors (EP-I) of EP2 (AH6809, 75 lM) and EP4 (AH23848, 50 lM) for 24 h. The experiments were performed as described in Materials and Methods. *Control versus EP2-I/EP4-I, P , 0.05. Numerical data are expressed as mean 6 SEM of three experiments.
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We determined protein-protein interactions by immunoprecipitation. Selective inhibition of EP2/EP4 decreased the overall expression of b1, b3, FAK or talin protein. The decreased interaction between EP2/EP4 and b1, b3, FAK, or talin protein could be due to either overall decreased mean expression of b1, b3, FAK, and talin proteins or due to their decreased functional activity. GPCR transactivates tyrosine kinase receptors through intracellular Src-dependent signaling mechanisms [73, 74] . Recruitment of b-arrestin 1 to activated GPCRs is associated with the activation of Src [75] . In quiescent cells, b-arrestin 1 protein is mainly localized diffusely in the cytosol. In stimulated cells, upon agonist stimulation of GPCRs, the b-arrestin 1 is phosphorylated and translocated from the cytosol to the membrane fraction and interacts with GPCRs [74] . PGE 2 increases the interactions between EP4 and b-arrestin 1 and Src signaling complex intracellularly and thereby transactivates EGFR and AKT signaling, which is critical for the regulation of colorectal carcinoma cell migration [13] . Our previous studies have shown that selective inhibition of EP2 and EP4 decreases the expression of Src and b-arrestin 1 proteins and their interactions and thereby inhibits EP2/EP4 interactions with matrix metalloproteinases (MMPs) in 12Z and 22B cells. The results of the present study along with previous findings [13, [73] [74] [75] indicate that the loss of function of EP2 and EP4 inhibits inside-out signaling by disturbing association between the Src/b-arrestin 1, talin, and b-subunit proteins and inhibits outside-in signaling by disturbing integrin linkage proteinprotein interactions between Src/b-arrestin 1, talin, FAK, p-ERK1/2, and p-AKT, thereby inhibiting integrin-mediated adhesion of 12Z and 22B cells to specific ECM substrates (see Fig. 8 ).
Recently, we have shown that selective inhibition of EP2 and EP4 suppresses cell survival pathways, activates intrinsic apoptotic pathways, deregulates cell cycle machinery, and inhibits MMP-mediated invasion of 12Z and 22B cells, thereby inhibiting survival, growth, and invasion of endometriotic ells [26, 27, 51] . The results of the present and previous studies [15, 26] indicate that selective inhibition of EP2 and EP4 might provide an opportunity to block adhesion, invasion, growth, and survival pathways in the pathogenesis of endometriosis. These novel findings provide an important molecular framework for further evaluation of selective inhibition of EP2 and EP4 in primary cell culture and xenograft models as a potential nonsteroidal therapy to expand the spectrum of currently available treatment options for endometriosis in child-bearing age women. 5) The activation of integrin receptor by ECM results in phosphorylation of focal adhesion kinase (FAK) protein, recruiting it into the Src/bsubunit/talin complex. 6) Phosphorylated FAK recruits linkage adapter proteins kindling, a-actinin, vinculin, and paxillin into the cytoplasmic face of ligand-bound integrins. Note: This adapter protein complex was not determined in the present study. 7) In addition, activation of FAK phosphorylates ERK1/2 and AKT proteins. These complexes are responsible for connecting integrins to the actin cytoskeleton and regulation of cell adhesion, migration, and differentiation. 8) Thus, EP2-and EP4-mediated PGE 2 signaling activates integrin inside-out and outside-in signaling in human endometriotic epithelial and stromal cells, thereby promoting adhesion of endometriotic cells with peritoneum. 9) Loss of function of EP2 and EP4 disassembles integrin conformation and linkage mechanisms and disturbs integrin outside-in and inside-out signaling in 12Z and 22B cells, thereby decreasing adhesion of human endometriotic epithelial and stromal cells with specific ECM substrates.
In summary, selective inhibition of EP2 and EP4 1) inhibits adhesion of 12Z and 22B cells to collagen I, vitronectin, fibronectin, collagen IV, and laminin in a substrate-and epithelial-stromal cell-specific manner; 2) decreases the expression of b1-and b3-subunits whereas it does not decrease the expression of b5-, a2-, a5-, av-, and a3-subunits; 3) decreases the expression of talin protein and dephosphorylate FAK protein; 4) inhibits the interaction between EP2/EP4 and b-subunits of integrins through Src/b-arrestin complex; and 5) inhibits the interaction between Src, talin, FAK, pERK1/2, and p-AKT proteins in 12Z and 22B cells. These results suggest that selective inhibition of EP2 and EP4 antagonizes integrin linked outside-in and inside-out signaling pathways and thereby reduces adhesion of human endometriotic epithelial cells 12Z and stromal cells 22B to ECM proteins.
